ABSTRACT Primordial germ cells (PGCs) are the only cells in developing embryos that can transmit genetic information to the next generation. PGCs therefore have considerable potential value for gene banking and cryopreservation, particularly via production of donor gametes using germ-line chimeras. In some animal species, including teleost fish, the feasibility of using PGC transplantation to obtain donor-derived offspring, within and between species, has been demonstrated. Successful use of PGC transplantation to produce germ-line chimeras is absolutely dependent on the migration of the transplanted cells from the site of transplantation to the host gonadal region. Here, we induced germ-line chimeras between teleost species using two different protocols: blastomere transplantation and single PGC transplantation. We evaluated the methods using the rate of successful migration of transplanted PGCs to the gonadal region of the host embryo. First, we transplanted blastomeres from zebrafish, pearl danio, goldfish, or loach into blastula-stage zebrafish embryos. Some somatic cells, derived from donor blastomeres, were cotransplanted with the PGCs and formed aggregates in the host embryos; a low efficiency of PGC transfer was achieved. Second, a single PGC from the donor species was transplanted into a zebrafish embryo. In all inter-species combinations, the donor PGC migrated toward the gonadal region of the host embryo at a comparatively high rate, regardless of the phylogenetic relationship of the donor and host species. These transplantation experiments showed that the mechanism of PGC migration is highly conserved beyond the family barrier in fish and that transplantation of a single PGC is an efficient method for producing inter-species germ-line chimeras.
Introduction
The function of germ cells is to transmit genetic information from one generation to the next. The role of somatic cells is to provide the conditions necessary to enable the germ cells to complete gametogenesis. Transplantation of germ cells from a donor into a genetically different host produces a germ-line chimera. This concept underlies recent attempts to obtain viable gametes from germ-line chimeras (Brinster and Zimmermann, 1994; Brinster and Avarbock, 1994; Clouthier et al., 1996; Yamaha et al., 2001; Yamaha et al., 2003; Takeuchi et al., 2001; Takeuchi et al., 2003; Takeuchi et al., 2004; Saito et al., 2008) .
Germ-line chimeras have been used to obtain offspring that originate from cultured cells or donor germ cells. In the mouse, embryonic stem cells are able to differentiate into the germ-line when transplanted into the blastocoel of a host embryo; a gene knock-out technology has been developed using cell lines and this transplantation protocol. The transplantation of male germ cells into an adult testis has also been established and donorderived sperm can be successfully produced, even if germ cells are from a different species to the host (Clouthier et al., 1996; Ogawa et al., 1999; Ohta et al., 2003; Chuma et al., 2005; van de Lavoir et al., 2006) . In birds, methods for collecting PGCs from the blood of embryos and then transplanting the cells into a host embryo have been established and used to obtained offspring that originated from the transplantation donor (Yasuda et al., 1992; Tajima et al., 1993) . The production of gametes from germ-line chimeras has recently been recognized and exploited as an effective method for breeding of target strains or species in fishes (reviewed by Yoshizaki et al., 2004; Yamaha et al., 2007) . Two problems still need to be solved for successful production of germ-line chimeras in fish: immunological rejection by the host; and, delivery of the donor germ cells into the host gonad. In salmonids, these problems can be surmounted by transplanting germ-line cells into the body cavity of a hatched embryo. The transplanted germ cells in the resulting chimeras migrate along the wall of the body cavity toward the gonadal ridge and become located there (Takeuchi et al., 2003; Takeuchi et al., 2004; Kobayashi et al., 2007) . Subsequently, gonadal somatic cells of the host surround the transplanted germ cells; this reorganization may disable any later immunological rejection of the germ cells. It has been shown in species such as zebrafish that germ cells can be transplanted at early embryonic stages (Saito et al., 2008) . In this study, donor PGCs were visualized with GFP by injecting GFP-nos1 3'UTR mRNA into one-to four-cell stage embryos. The embryos were allowed to develop to the somitogenesis stage and a single GFP-positive PGC was picked up with a microneedle and transplanted into a host blastula stage embryo under a fluorescence stereomicroscope. In many host embryos, the transplanted PGCs successfully migrated toward gonadal anlage. These transplantation experiments showed that viable sperm could be produced in germ-line chimeras between different species, that is, xenogenesis was feasible across species, genus, and family barriers (Saito et al., 2008) . In similar fashion, it has been reported that intra-specific germ-line chimeras can be produced by transplanting blastomeres at the blastula stage (Lin et al., 1992; Ciruna et al., 2002; Yamaha et al., 2001; Yamaha et al., 2003; Takeuchi et al., 2001) . This protocol has not, however, been used to produce germ-line chimeras for xenogenesis.
Here, we compare the relative efficiency of these two PGC transplantation methods, i.e., single PGC transplantation (SPT) and blastomere transplantation (BT), for generating xenogeneic germ-line chimeras in fish (Fig. 1) . We chose to use Cypriniformes species in this study because this group includes zebrafish, in which developmental mechanisms have been studied over many years, and also many other species of relevance to inland freshwater aquaculture. We used zebrafish (Danio rerio), pearl danio (Danio albolineatus), and goldfish (Carassius auratus), all of the family Cyprinidae, and loach (Misgurnus anguillicaudatus) of the family Cobitidae as donors, and zebrafish as the host. In this way, we were able to investigate the influence of genetic relationship between the species on the efficiency of PGC transfer.
Results

Localization of somatic cells and PGCs in BT chimeras
Blastomeres were aspirated from zebrafish, pearl danio, goldfish, or loach blastulas and transplanted into zebrafish blastulas. When the blastomeres were transplanted between embryos of the same species, i.e., zebrafish to zebrafish, the transplanted cells were intermingled and widely scattered through the resultant embryo during development and showed no evidence of aggregation at 24 hpf ( Fig. 2A) . Donor-derived GFP-positive PGCs were observed in the gonadal region of 8.97% of the intra-specific embryos ( Table 1 ). The proportions of inter-specific chimeras with transplanted PGCs in gonadal region were also estimated: pearl danio to zebrafish, 6.25%; goldfish to zebrafish, 7.29%; and, loach to zebrafish, 1.45% (Table 1) . Transplanted xenogeneic cells tended to aggregate in the host embryos and these aggregations became tighter as the phylogenetic relationship became more divergent (Fig. 2 C,D) . Moreover, in some chimeras, it seems that migration of the transplanted PGCs was negatively influenced by the aggregated somatic cells. That is, in these chimeras, donor PGCs tended to be localized close to the aggregations ( Fig. 2 C, D) . Additionally, aggregation of goldfish or loach cells in inter-specific chimeras also disturbed the development of the host embryo. Abnormal embryos were increasingly observed as the phylogenic relationship become more divergent. This developmental disruption was apparent in structures where the transplanted cells localized, for example, neural tube, optic structures, otic vesicle, and somites, although the majority of embryos nevertheless survived to the fry stage at least. In many embryos, the transplanted cells tend to localize around the head region, especially at the optic structures (Fig. 2E ).
Optimum embryo developmental stage for SPT
As mentioned above, the presence of co-transplanted somatic cells influenced both development of the host embryos and PGC migration. In addition, the transplantation method did not consistently produce germ-line chimeras. To exclude the influence of somatic cells while simultaneously ensuring that we transplanted PGCs, we isolated PGCs from embryos that had been injected with GFP-nos1 3'UTR mRNA to label the germ cells. We previously showed that a single PGC isolated from a 10-15-somite stage could migrate toward the gonadal region of a host embryo after transplantation (Saito et al., 2008) . However, in the earlier study, we did not determine the optimal stage of donor embryo development for isolating PGCs for successful SPT. To investigate this point, we isolated zebrafish PGCs for transplantation from embryos at various stages of development:10-15-somite stage, 21-25-somite stage, prim-5 stage, prim-15 stage, and prim-25 stage. The PGCs were then transplanted into zebrafish blastula stage embryos as described earlier. The 10-15-somite embryo was the earliest stage at which PGCs could be reliably distinguished from somatic cells that possessed background GFP fluorescence. We found that the migration efficiency rate decreased as the donor embryos developed. Thus, a rate of 30% was obtained using 10-15 somite stage embryos, but only 3.6% for prim-25 stage embryos (Table 2) . We conclude that PGCs at the 10-15-somite stage are the most suitable for use in production of SPT germ-line chimeras. The donor PGC localized at the gonadal region started to proliferate around 6 to 7 dpf at the same time as the host PGCs, and occupied part of the gonad (Fig. 3  A-D) .
Migration rates of PGCs in inter-specific chimeras
We compared PGC migration rates in inter-specific chimeras produced by the SPT method using donor PGCs from 10-15-somite stage embryos of pearl danio, loach, or goldfish and zebrafish blastula embryos as the host. We found that the transplanted PGCs migrated toward and localized at the gonadal region of the zebrafish embryos at high rates. Interestingly, the migration rates for these species exceeded that obtained for intraspecific zebrafish SPT chimeras (Table 3) . Our results show that PGCs derived from xenogeneic species can migrate under the guidance controls signals of the host embryo, and, moreover, that the efficiency of their migration is not related to the phylogenetic distance between the donor and host species.
Discussion
In the present study we compared the relative efficiency of two methods, BT and SPT, for producing xenogeneic germ-line chimeras between four cyprinid species, zebrafish, pearl danio, goldfish, and loach. The species selected for study, zebrafish, pearl danio (both Cyprinidae, Danioninae), goldfish (Cyprinidae, Cyprinidae), and loach (Cobitidae), show a range of phylogenetic relatedness. The chosen host species, zebrafish, therefore differed from the donors at the species, sub-family and family levels.
Aggregation of somatic cells in inter-specific BT chimeras
Inter-specific BT chimeras routinely showed aggregations of donor cells in the host embryo, and the incidence of these clusters increased with the phylogenetic distance between the donor and host species. This behavior contrasted strongly with intra-specific chimeras in which donor cells freely intermingled with those of the host. One possible explanation for this disparity may come from reports in other species of differential cellular affinities caused by taxonomic differences (Maclennan, 1974; Giudice and Mutolo, 1970) . When dissociated cells from different species are mixed together, the cells show "self" and "not-self" recognition during reaggregation resulting in the formation of two segregated clusters. The ability to discriminate self and not-self may result from the presence of different types and amounts of adhesion molecules on cell membranes. Some support for this interpretation comes from the observation that cells expressing different doses of cadherin are distributed accordingly along a gradient in the ovarian follicles of Drosophila (Godt and Tepass, 1998; GonzalezReyes and St Johnston, 1998) . In light of these earlier studies, it is very likely that the aggregations of cells seen here in interspecific chimeras arose from a similar mechanism.
Single PGC transplantation and migratory activity of PGCs during embryonic development
We showed here that the age of the embryo from which PGCs were collected for SPT affected the likelihood of the PGCs successfully migrating to the gonadal region. The best results were obtained using 10-15-somite donor embryos. Overall, chimeric embryos produced by the SPT method had a higher rate of PGC migration to the gonadal region (approximately 30%) than those from the BT method (approximately 9%). The higher rate in the SPT protocol is achieved despite the requirement to inject mRNA into donor fertilized eggs in order to be able to identify PGCs at subsequent embryonic stages.
The result of this experiment showed that the migratory activity of PGCs decreased as the development of donor embryos progressed. This observation suggested that the migratory activity of PGCs is controlled autonomously and, moreover, that the somatic cells that guide PGCs to the gonadal region could not restore this activity. In this connection, it has been shown that there is a reorganization of granules and an altered pattern of gene expression in PGCs during embryonic development in zebrafish (Strasser et al., 2008) .
Interestingly, our inter-specific transplantation experiments demonstrated that the migration rates of transplanted PGCs did not depend on the phylogenetic relationship between the donor species and zebrafish. The rates of PGC migration in the zebrafish host were high and ranged in the order goldfish, loach, pearl danio, and zebrafish. This result suggests that the migratory activity of PGCs in each species lasts for different lengths of time. 
Comparison of the two transplantation methods
In this study, we compared the relative abilities of two methods, SPT and BT, to produce germ-line chimeras between species. Our results clearly showed that the SPT method was significantly more effective than the BT approach due to its higher germ-line transmission and lower damage to the host embryos. Moreover, the technique does not require large numbers of donor embryos. It is known that fish species have dozens of PGCs in segmentation period embryos , and, in principle, it should be feasible to transplant these cells to the commensurate number of host embryos. This aspect would be particularly advantageous for production of xenogeneic germ-line chimeras of endangered species that spawn only small amounts of precious eggs and sperm, such as the Japanese bitterling, which spawns a few eggs into the mantle cavity of a mussel that serves as a surrogate mother. In addition, an SPT chimera can provide novel conditions for studying germ cells, that is, a situation in which germ cells are completely replaced without contamination by donor-derived somatic cells. In this study, the transplanted PGC started to proliferate at the same developmental age as host PGCs, i.e., at 6 to 7 dpf and then occupied part of the gonad. Our results clearly showed that, after SPT, a single transplanted PGC could proliferate and contribute to a developing gonad with an endogenous germ cell population. This observation suggests a possible means for tracing the fate of transplanted PGCs in adult fish when PGCs with a genetic marker, such as in a transgenic line, are used. By contrast, it is not possible with the BT method to ensure the transplantation of PGCs into each host embryo, and it is also difficult to produce large numbers of chimeras from a limited supply of donor embryos.
SPT does have the drawbacks that it is necessary to visualize PGCs by injecting a specific mRNA and that it requires use of a fluorescence microscope for the transplantation step, while BT does not require these procedures. In that regard, BT does have an advantage over SPT. BT will be of use for producing chimeras between the same species, strains, or related species, that is, in situations when the number of donor embryos is not a limiting factor. Ciruna et al. (2002) have already reported production of embryos carrying a maternal zygotic mutant by blastomere transplantation in zebrafish.
Materials and Methods
Preparation of embryos
Zebrafish were kept in the Nanae Fresh Water Laboratory, Hokkaido University and maintained at 26~28C under a 16 hour light / 8 hour dark photoperiod. Fertilized eggs were obtained during the light period through natural mating: one female and two males were placed together in a 10 liter fish tank at 26~28 C. Embryos were dechorionated with 0.1% trypsin (DIFCO) and 0.002% actinase E (KAKEN) in Ringer's culture solution (128 mM NaCl, 2.8 mM KCl, 1.8 mM CaCl2). Dechorionated embryos were cultured individually at 28.5 C in 96-well plates (Greiner) in Ringer's culture solution containing 0.01% penicillin and 0.01% streptomycin, and later transferred to 24-well plates (Greiner) containing a modified culture solution (1.8 mM CaCl2, 1.8 mM MgCl2) with penicillin/streptomycin as above. The stages of embryonic development were identified according to Kimmel et al., 1995. Pearl danio was kept at the Nanae Fresh-Water Laboratory and embryos were obtained as for zebrafish. Dechorionation and culture methods were also identical to those of zebrafish. The developmental stages of pearl danio have not yet been described. Therefore, staging of the embryos was accomplished on the basis of numbers of blastomeres and somites, and the extent of epiboly.
The loach used in this study were obtained from the Loach Farming Cooperation of Kitamura, Iwamizawa, Hokkaido, during the spawning season (June to August). Fertilization, dechorionation and culture of loach embryos were carried out as described by Fujimoto et al. (2004) . The stage of embryo development was identified according to .
Goldfish were kept in the Nanae Fresh Water Laboratory, Hokkaido University. Embryos were obtained using the method described by Yamaha and Yamazaki (1993) . Goldfish developmental stages were determined using the criteria listed by Yamaha et al. (1999) and Kajishima (1960) . Dechorionation and culture methods were as described by Yamaha et al. (1986) and Otani et al. (2002) , respectively.
Construction and synthesis of mRNA
Capped sense GFP-nos1 3'UTR RNA (Köprunner et al., 2001 ) was synthesized in vitro using the mMESSENGER MACHINE kit (Ambion).
Microinjection of mRNA and tracer dye
For blastomere transplantation (BT), GFP-nos1 3'UTR mRNA and 5% tetramethyl-rhodamine-lysin (fluoro-ruby; Molecular Probes) in 0.2 M KCl were co-injected into fertilized fish eggs at the one-to two-cell stage in order to visualize the donor cells. Rhodamine-and GFP-fluorescence was detected using an Olympus SZ-12 or Leica MZ-12 fluorescence stereomicroscope.
For single PGC transplantation (SPT), donor eggs were injected with GFP-nos1 3'UTR mRNA at the 2-to 4-cell stage. To observe PGC proliferation in SPT chimeras, GFP-nos1 3'UTR and RFP-nos1 3'UTR mRNA were injected into donor and host eggs, respectively.
Transplantation
Two transplantation methods, BT and SPT, were used here to produce germ line chimeras (Fig. 1) . BT was performed at the blastula stage. About 50 to 100 blastomeres, labeled with RNA and fluorescent tracer, from the marginal region of the donor embryo were aspirated into a glass microneedle connected to a microinjector (CellTram oil; Eppendorf), and transplanted into the host blastoderm. SPT was performed as described by Saito et al. (2008) . GFP-positive PGCs were dissociated from labeled somitogenesis stage embryos using 1% citric acid trisodium and 0.1% collagenase (Wako) or trypsin (Defco) in Ringer's solution and by pipetting. The dissociated cells were transferred into a 120 mm glass dish filled with 5% FBS (Gemini Bio-Products) in Ringer's solution containing 0.01% penicillin and 0.01% streptomycin. Isolated PGCs were identified as GFPpositive cells and aspirated into a glass microneedle under a fluorescence stereomicroscope. A single PGC was transplanted into the marginal region of the blastodisc of each blastula stage zebrafish embryo. Migration efficiency was calculated as the number of embryos with PGCs located at the gonadal region divided by the number of embryos that developed normally at 24 hpf (hours post fertilization). A minimum of 20 chimeras were produced in each experiment. The transplantation experiments were performed at least three times for each experimental group and the average migration efficiency was calculated from the sum of these experiments. Chimeric embryos were observed and photographed using a Leica MZ16F fluorescence stereomicroscope equipped with a digital camera (Leica DFC300FX). Images of the embryos were obtained using the appropriate filters for GFP and rhodamine fluorescence and were merged into a single image using Adobe Photoshop CS3 software.
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